This study aimed to establish feasibility for myocardial speckle tracking (MST) and intraobserver reliability of both MST and tissue velocity imaging (TVI)-derived right ventricular (RV) strain (3) and strain rate (SR) at rest and during upright incremental exercise. RV 3 and SR were derived using both techniques in 19 healthy male participants. MST-derived 3 and SR were feasible at rest (85% of segments tracked appropriately). Feasibility reduced significantly with progressive exercise intensity (3% of segments tracking appropriately at 90% maximum heart rate (HR max )). Coefficient of variations (CoVs) of global 3 values at rest was acceptable for both TVI and MST (7-12%), with low bias and narrow limits of agreement. Global SR data were less reliable for MST compared with TVI as demonstrated with CoV data (systolic SRZ15 and 61%, early diastolic SRZ16 and 17% and late diastolic SRZ26 and 31% respectively). CoVs of global RV 3 and SR obtained at 50% HR max were acceptable using both techniques. As exercise intensity increased to 70 and 90% HR max , reliability of 3 and SR values reduced with larger variability in MST. We conclude that RV global and regional 3 and SR data are feasible, comparable and reliable at rest and at 50% HR max using both MST and TVI. Reliability was reduced during higher exercise intensities with only TVI acceptable for clinical and scientific use.
Introduction
Recent developments in novel echocardiographic techniques such as myocardial speckle tracking (MST) and tissue velocity imaging (TVI) have led to their application in the assessment of regional and global myocardial deformation (1, 2, 3) . Both techniques have been validated for the assessment of the left ventricle (LV) in vitro (1, 4, 5) and in vivo (6, 7) and although some studies highlight agreement between techniques (8, 9) others have demonstrated contradictory values (10, 11, 12) .
Right ventricular (RV) function is inherently difficult to assess, given its location, orientation and excess trabeculation (13) . Both MST and TVI may overcome some of the limitations of standard echocardiography and hence have been applied to the assessment of RV systolic and diastolic function at rest (14, 15, 16) and during exercise (17) . In view of this, the clinical application of both techniques at rest and during exercise may aid the diagnosis and serial management of conditions including pulmonary hypertension, RV infarction, arrhythmogenic RV cardiomyopathy (ARVC) and congenital heart disease.
In order to establish the usefulness of values obtained from MST-and TVI-derived 3 and SR, feasibility, comparability (consistency between methods) and intra-observer reliability must be established. Attributing any differences between repeated measurements to a disease process, a clinical intervention or other changes in physiological state (e.g. exercise) must be done with careful consideration of the degree of measurement error or bias. A number of studies present reliability data as an aside to the primary focus, and although acceptable reliability is often established, the specific methodology is not transparent and minimal attention has been paid to study design (8, 11) . Often, reliability data are obtained from the same acquisition which does not provide a true reflection of the clinical or research application, and ultimately establishes the reliability of the software only. To the best of our knowledge, there is only one study in the public domain that has assessed intra-observer reliability of RV 3 and strain rate (SR) using a repeated acquisition within subject, within-day design. This was, however, limited to the resting values of global MST-derived RV 3 and SR only (15) . Furthermore, the American Society of Echocardiography guidelines (18) recommend to carry out all echocardiographic assessments with subjects in the left lateral decubitus position, but images obtained in alternate positions may be useful in clinical and research situations whereby loading, filling and blood flow are assessed. Of particular interest is the upright position, as in reality the physiological demands on the RV during exercise are often in this position. It is important to consider the effects of gravity on RV physiology, especially with respect to filling, and the impact of this on subsequent physiological function during exercise. Although these effects may be minimal, the assessment of RV function in the upright position may add value where a true functional assessment of the RV during exercise is required. The feasibility, comparability and reliability of MST and TVI in seated subjects at rest or during exercise are also unknown and it is therefore pertinent to investigate.
In view of these issues, the aims of this study are i) to establish the feasibility of MST-derived RV 3 and SR at rest and during exercise at progressive intensities, ii) to compare the absolute values of global and regional RV 3 and SR obtained from MST and TVI techniques at supine rest, upright rest and progressive intensity upright exercise, and iii) to establish the intra-observer reliability of global and regional RV 3 and SR from both techniques at rest and during progressive exercise.
Methods
We aimed to provide the best case feasibility and reliability for MST and TVI by using young, healthy male subjects for all image acquisitions. Furthermore, the process of image optimisation was blinded (no reference to previous scans) within a repeated measures design to best reflect clinical and research practice.
Sample population
Nineteen participants (meanGS.D. age (range) of 21G2 (19) (20) (21) (22) (23) (24) (25) (26) (27) years) were recruited to take part in the study. All participants self-reported; being free of known cardiovascular disease, not taking any medication, no early family history of cardiovascular disease and not suffering from any other co-morbidities including diabetes, renal disease, respiratory disease or liver disease. Ethics approval was granted by the Liverpool John Moores Ethics Committee and all subjects provided written informed consent.
Study design
The study was undertaken using a repeated measures design (see Fig. 1 ). In brief, participants attended the laboratory on three separate occasions at the same time of day, having abstained from alcohol, exercise training and caffeine for a minimum of 24 h before exercise testing. On arrival at each session, standard anthropometric assessment of body mass and height was carried out before testing. The cycling exercise protocol was undertaken on the same cycle ergometer (Baum Electronics, Flörsheim am Main, Germany). Maximum heart rate (HR max ) for each participant was calculated according to the World Health Organisation (WHO) guideline equation: HR max Z220 (beats/min)KAge (years).
Session 1
The initial testing session comprised a familiarisation trial on the cycle ergometer to obtain the specific workloads required to achieve and maintain 50, 70 and 90% HR max at a steady-state. Furthermore, echocardiographic acoustic windows were assessed to ensure optimal image quality for MST whilst a 12-lead electrocardiogram (ECG) (Cardiopress, Spacelabs, Snoqualmie, WA, USA) was undertaken to assess for any underlying cardiovascular disease (19) . Systolic and diastolic blood pressure was assessed via standard auscultation of the left brachial artery (Dinamap pro, GE Medical, Horten, Norway) during resting and exercising.
Sessions 2 and 3
Sessions 2 and 3 followed an identical format 4 days apart. Following 10 min supine rest, brachial artery blood pressure was obtained and echocardiographic assessments were undertaken with the participant in the left lateral decubitus position. The participants were then transferred to a cycle ergometer, and blood pressure and echocardiography were repeated in a seated position at rest. The participants commenced exercise on the cycle ergometer at the workload required to achieve 50, 70 and 90% HR max in a progressive order. After at least 1 min at a steady-state HR, at each exercise stage, echocardiography was undertaken for 2 min whilst heart rate was maintained.
Echocardiography
All images were acquired using a commercially available ultrasound system (Vivid Q, GE Medical) with a 1.5-4 MHz phased array transducer. All images were acquired by the same single sonographer. Whilst the sonographer was not blinded to the participant or test session, there was no access to, or assessment of, session 2 images before the completion of data collection in session 3 in an attempt to remove systematic bias. Images were recorded to a DVD in raw DICOM format and offline analysis was performed by the same sonographer using commercially available EchoPac software (Version 7, GE Medical). All parameters were presented as an average of three cardiac cycles.
2D myocardial speckle tracking
A standard 2D echocardiography was used to obtain a modified, lateral apical four chamber view for MSTderived 3 imaging of the RV lateral wall (see Fig. 2 ) (20) . For all MST images, 2D frame rates were acquired as high as possible but not above 90 frames per second (FPS). The images were optimised using gain, sector width and dynamic range, depth, frequency and sector angle with the focal point positioned at mid-RV cavity level. Offline analysis involved placing the region of interest around the RV lateral wall only from base to apex. Regional peak longitudinal 3 and systolic (SRS), early diastolic (SRE) and late diastolic (SRA) SRs were obtained for RV basal, mid and apical wall segments. Global peak 3 and SR were calculated as an average of the three RV myocardial segments. The MST software grades each segment depending on its ability to fit the tracking algorithm (21) this, the sonographer independently assessed the 2D images to ensure appropriate tracking.
Tissue velocity imaging
The apical four-chamber view was modified to ensure that the longitudinal movement of the RV lateral wall was aligned with the ultrasound beam and a colour tissue velocity region of interest (ROI) was superimposed. A narrow sector was utilised to obtain frame rates in excess of 200 FPS and gain, filter, pulse repetition frequency and depth were adjusted to optimise colour saturation and eliminate aliasing. All TVI acquisitions were analysed offline using the same software package and a large sample volume of 24 mm!4 mm was used to maximise the capture of either the basal, mid or apical segment, while ensuring similar segment size to that used during speckle-tracking analysis. The sample was anchored to the myocardium and adjusted throughout the cardiac cycle to ensure consistency of its anatomical position. Longitudinal 3, SRS, SRE and SRA were obtained for each segment and a global value was calculated as an average of all three segments.
Feasibility
For MST, both the software and an independent observer assessed the number of appropriately tracked segments at rest and during each exercise intensity, and this was converted to a percentage score.
Statistical analysis
All peak data are presented as meanGS.D. for each acquisition. To maximise comparison to past studies, we report a range of statistics related to the consistency of echocardiographic measures obtained in repeat scans. Intra-observer within-participant reliability was evaluated for both MST and TVI using repeated measures ANOVA (to assess systematic bias in the measurements) and coefficients of variation (CoV) to assess random error or noise (22) . Bland-Altman's 95% limits of agreement (LoA) were also calculated as an indication of the typical error associated with these parameters. Statistical significance was set as P!0.05 for all statistical tests. In order to assess the agreement between MST and TVI methods, a paired t-test and Bland-Altman analysis of LoA were undertaken.
Results

Feasibility of MST and TVI
Fifty-seven segments were available for analysis at each time point. For MST-derived 3 and SR, the successful completion of analysis on these segments as determined by the software and an experienced operator at supine rest was 86 and 89% and 85 and 80% at seated rest respectively. During incremental exercise, the absolute number of successfully 'trackable' segments reduced significantly with increasing heart rates for the assessment undertaken by both software and operator. Successful tracking percentages for the experienced operator were 59, 21 and 3% for 50, 70 and 90% HR max respectively. Due to the anchoring nature of TVI-derived 3 and SR, the quantification of feasibility is not possible; however unlike MST-derived indices, when assessed subjectively all segments adequately followed myocardial movement at all exercise intensities. An example of the variation in 3 at each % HR max as determined by both MST and TVI is presented in Fig. 3 .
Comparability of global peak values
At rest, data derived from MST and TVI were similar (PO0.05) with the exception of SRE (PZ0.003, see Fig. 4 ). During exercise, data derived from the two techniques were significantly different with TVI resulting in higher peak values than MST for all variables (P!0.03, see Fig. 4 ). Interestingly, peak values of 3 and SR decreased at higher intensities when assessed with MST, conversely TVI-derived 3 and SR data demonstrated a physiological response with increased deformation at higher heart rates. 
Reliability
All reliability data are presented in Tables 1 and 2 Data of the mid-wall segment were presented with the lowest between test variation for both techniques, whereas the poorest reliability was observed in the MST assessment of the apical wall segment. Global SR data were more consistent between tests, particularly for TVI when compared with MST as demonstrated with CoV data (SRSZ15 and 61%, SREZ16 and 17% and SRAZ26 and 31% respectively). That aside a narrow LoA bias was observed for both techniques, particularly of SRS and SRE. Regional SR data demonstrated greater intra-observer variability than global data, with more favourable data derived using TVI. There were no systematic differences in global or regional measures of reliability when the data were acquired in a seated position compared with supine position at rest.
Incremental exercise
CoVs and LoAs of global RV 3 obtained from seated exercise at 50% HR max were acceptable for both techniques. Global SR was less reliable using the MST technique. Regional data were more variable for both techniques compared with global measures (see Table 2 ). As exercise intensity increased to 70 and 90% HR max , reliability of 3 data decreased. Intra-observer reliability during exercise for both global 3 and SR was only considered acceptable when derived from TVI. LoA widened proportional to exercise intensity, more so for MST than TVI (given in Table 2 ).
Discussion
The key findings from this study are the following: i) MST is feasible, producing physiological RV global and regional data when at rest in both supine and seated positions and during sub-maximal cycling exercise at 50% HR max . At higher heart rates, MST is less feasible and does not provide physiological values of RV 3 and SR. ii) TVI-derived RV 3 provides similar values at rest; however, during exercise, TVI produced consistently higher values than MST. iii) Intra-observer reliability of global RV 3 using both techniques at rest is good; however, regional data is more disparate with the apical segment providing the poorest reliability. Only TVI provided data with adequate reliability for global and regional measures for use during cycling exercise at higher heart rates.
Feasibility
The assessment of RV function using a conventional echocardiography is challenging and the introduction of myocardial 3 imaging has provided potential to study RV mechanics at rest and during exercise (17, 23) and it is pertinent to establish feasibility during these conditions. The feasibility of MST-derived global and regional RV 3 and SR at rest in this study is in line with values previously reported for the LV (9) (88%) and the RV (16) (93%) and therefore confirms its potential application. During exercise, the feasibility for MST ranged from 3 to 51% when compared with previously reported values of 18 to 38% (17) . The inferior tracking seen in this study may be a consequence of operator exclusion as the specific methodology of computer vs operator tracking analysis has not been clearly described in previous work. (17) have previously compared RV global and regional 3 derived using MST and TVI during exercise. They reported increased RV global 3 with progressive exercise intensity when derived using TVI but a reduction in RV global 3 when derived using MST as seen in this study. In view of our findings and their corroboration with La Gerche et al. (17) , the in-exercise assessment of RV 3 should be constrained to TVI methodology only. The absolute values derived using MST in-exercise presented herein are indicative of pathology, which is extremely unlikely given the current cohort. A number of possible explanations for this can be proposed. MST techniques are limited to a frame rate of w90 FPS due to the inability of the tracking algorithm to detect sufficient change in the myocardium speckle pattern as well as increased noise at high frame rates (24) . This will have the effect of under sampling (a temporal resolution of w11 ms) with the potential of missing the true peak when changes in RV function are small in amplitude and fast acting (14) . The higher frame rate for TVI (O200 FPS) appears to derive an absolute value in fitting with the known physiological response to exercise of increased RV 3 and SR (17) . It is also apparent that at higher exercise intensity, image quality deteriorates due to upper body movement and increased respiratory activity. MST is highly dependent on image quality and out-of-plane motion (21), more so than TVI-derived 3 (2) and may, in part, explain the findings from this study. Furthermore, repeated image acquisitions especially during exercise are challenging to standardise for the RV due to the complex location, geometry, excess trabeculation and lack of anatomical markers.
Comparability of global peak values
Reliability
The data of this study is in agreement with Oxborough et al. (15) who reported similar intra-observer reliability data for MST-derived RV global 3 at rest in a young male cohort (CoV 7%). A difference of 6% with respect to MST-derived global RV 3 has been previously reported between elite athletes and controls (23) and a reduction of 8% in RV 3 has been reported following percutaneous closure of an atrial-septal defect (25) and therefore observed changes in this magnitude should be interpreted with caution. In-exercise echocardiography poses a number of challenges; however, upright exercise provides the ideal setting to establish a physiological understanding of the hearts capacity and reserve. A number of studies have utilised MST (9, 26, 27, 28, 29) and TVI (30, 31, 32, 33) during exercise to assess LV function. The application of MST and TVI to the RV during exercise has been limited. MST has been applied to determine the RV functional response between patients with ARVC and control poststress testing, with values of 3 increasing by 5 and 19% for ARVC and controls respectively (34) . In view of our findings of poor reproducibility at higher rates, data of this nature require larger sample sizes and careful interpretation.
The intra-observer reliability of TVI and MST techniques in La Gerche's study decreased as exercise intensity increased, and RV global 3 showed a bias towards TVI during exercise with LoA increasing to wK20 to 20% compared with wK10 to 10% in this study. Regional deformation was not assessed by La Gerche et al. (17) during exercise and further work is needed to determine if regional RV deformation derived during exercise is feasible given the poor intra-observer reliability for both techniques in this study.
Practical considerations
At rest, global 3 and SR measures derived using either MST or TVI are feasible and comparable (with the exception of SRE SR). Repeat research and clinical assessments should consider utilising one methodology throughout to minimise variability. Not blinding the operator to the original images may help to standardise repeat RV image acquisitions using the previous images as a reference point. This may reduce the variability that is inherent to the techniques and may allude to routine clinical use. At present, care must be taken in attributing small changes within the boundaries of the measurement error reported in this study to any factor other than methodological variance. Given the data in this study, TVI is more appropriate for heart rates above 106 beats/min (as determined by average heart rate at 50% HR max plus two S.D.). In-exercise assessment of RV function at higher heart rates is possible using TVI and could be applied for the diagnosis and monitoring conditions such as ARVC, pulmonary embolism and hypertension, and RV infarction as measurement error is comparable with changes seen in clinical assessments (14) . TVI is more time consuming and fastidious compared with MST, and for clinical assessments, MST may provide a useful, reliable and time-efficient technique in patients whom HR max is unlikely to be in excess of 50% HR max during exercise testing. Global parameters as an average of the three myocardial segments provide superior reliability when compared with regional data for both techniques and should be considered for research and clinical practice.
Limitations
This study utilised a 'best case' reliability model using a homogenous group of young, fit, healthy male subjects and thus application of the intra-observer reliability data derived in this study to clinical populations should be done with caution. It is vital to expand on this method with different populations where image quality may be a defining factor in the techniques available to assess RV function. It would also be appropriate to assess interobserver reliability of this method with the current population. It is also important to note that MST software is designed and recommended for use on the LV only and therefore the validity of this technique when applied to the RV remains unknown. Furthermore, the use of a large sample size for deriving TVI 3 and SR allowed the direct comparison with the segments provided by the automated speckle analysis software and whilst this also reduces overall noise there is a trade-off with reduced axial resolution. In view of this, there is a potential for artefact-induced errors in absolute values; however, as our findings were comparative with other published data and a physiological response was observed during exercise, it is unlikely that this limitation had any impact on our results. Although previous studies assessing RV function immediately following exercise have transferred subjects to the left lateral decubitus position in accordance with ASE guidelines, the subsequent heart rate in healthy trained individuals may rapidly decrease in recovery creating an additional practical challenge. To assess RV function at a specific heart rate, the use of a supine cyclergometer could perhaps overcome the limitations of upright exercise scanning and may add value to an in-exercise echocardiographic assessment.
Conclusion
Global MST and TVI-derived 3 and SR are feasible, comparable and reproducible at rest in supine and seated positions and up to 50% HR max (cut-off 106 beats/min). At higher heart rates MST-derived RV 3 and SR do not provide physiological values, and are less reproducible than TVI-derived values. Global parameters as an average of the three myocardial segments provide superior reliability when compared with regional data.
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